It is well known that quality control is of great importance in the food industry. The establishment of an efficient and rapid sensor to monitor the quality of fish products is therefore desired. Freshness has been determined on the basis of indicators, such as adenosine triphosphate (ATP) related compounds, which affect the degradation of fresh fish. In this degradation process, purine bases, such as hypoxanthine (HX), are produced, 1 and therefore its detection and quantification can be used as an indication of fish freshness. Hence, the determination of HX has considerable importance for the quality control of fish products in food industries. Although various approaches based on xanthine oxidase (XOD) enzymatic action for the determination of HX have been reported. 2-7 They inherently lack stability and are very expensive. Non-enzymatic electrochemical approaches, on the other hand, were relatively simple and fast. They could even possibly determine HX and XA simultaneous. 8, 9 Carbon nanotubes have attracted much attention during the past decade due to their unique mechanical, chemical and electrical properties. Numerous novel applications of carbon nanotubes in various fields have been investigated. [9] [10] [11] [12] [13] [14] [15] The subtle electronic behaviors of carbon nanotubes reveal that they have the ability to promote electron-transfer reactions of important molecules, including dopamine, 16,17 NADH 18 or nitric acid, 19 when used as an electrode material, representing a new application of carbon nanotubes.
Introduction
It is well known that quality control is of great importance in the food industry. The establishment of an efficient and rapid sensor to monitor the quality of fish products is therefore desired. Freshness has been determined on the basis of indicators, such as adenosine triphosphate (ATP) related compounds, which affect the degradation of fresh fish. In this degradation process, purine bases, such as hypoxanthine (HX), are produced, 1 and therefore its detection and quantification can be used as an indication of fish freshness. Hence, the determination of HX has considerable importance for the quality control of fish products in food industries. Although various approaches based on xanthine oxidase (XOD) enzymatic action for the determination of HX have been reported. [2] [3] [4] [5] [6] [7] They inherently lack stability and are very expensive. Non-enzymatic electrochemical approaches, on the other hand, were relatively simple and fast. They could even possibly determine HX and XA simultaneous. 8, 9 Carbon nanotubes have attracted much attention during the past decade due to their unique mechanical, chemical and electrical properties. Numerous novel applications of carbon nanotubes in various fields have been investigated. [9] [10] [11] [12] [13] [14] [15] The subtle electronic behaviors of carbon nanotubes reveal that they have the ability to promote electron-transfer reactions of important molecules, including dopamine, 16, 17 NADH 18 or nitric acid, 19 when used as an electrode material, representing a new application of carbon nanotubes.
Since carbon nanotubes are insoluble in most solvents, attaching carbon nanotubes to an electric circuit in a controlled way is still a problem. In this work, MWCNT was dispersed homogeneously into water with the aid of DCP, and formed a stable suspension solution of MWCNT-DCP. The stable suspension solution of MWCNT-DCP was cast onto an electrode to form a MWCNT-DCP film after the solvent was evaporated. It was found that HX yielded a very sensitive oxidation peak at 1.06 V at a MWCNT-DCP film coated vitreous carbon electrode. Compared with a bare electrode, the MWCNT-DCP film modified electrode showed a significant enhancement effect on the oxidation peak current of HX, and an electrochemical method was proposed to detect HX in fish samples. The new procedure possesses several advantages, such as easy modification of the electrode, a lower detection limit, excellent reproducibility and low cost.
Experimental

Reagents and apparatus
Hypoxanthine and dicetyl phosphate were purchased from Sigma Chemical Reagent Corporation. All other chemicals were of analytical-reagent grade, unless stated otherwise. Doubly distilled water was used to make aqueous solutions. A stock standard solution of HX (0.010 mol L -1 ) was prepared in a 0.01 mol L -1 NaOH solution. Working solutions were prepared by appropriate dilutions with a 0.1 mol L -1 phosphate buffer solution of pH 7.3. All of the chemicals were used without further purification.
Multi-wall carbon nanotubes (obtained from the Institute of Nanometer Materials, Huazhong Normal University, China) were synthesized by a catalytic pyrolysis method, and then refluxed for 16 h in HNO3. 20 It has been known that this treatment causes the segmentation and carboxylation of MWCNT at their terminus.
Voltammetric measurements were performed with a CHI 660 electrochemical workstation (CH Instrument, USA).
A conventional three-electrode cell was employed with a platinum wire as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode and a MWCNT-DCP modified electrode as a working electrode. All potentials were quoted with respect to SCE.
Surface preparation and modification
Vitreous carbon electrodes of 3 mm diameter were used. These electrodes were polished in ultrafine sand paper, polished with 1.0 µm and 0.3 µm alumina slurry in sequence and successively sonicated in doubly distilled water between each polishing step.
A portion of 4-mg MWCNT and 4-mg of DCP were dispersed into 10 mL of doubly distilled water by ultrasonication agitation for about 30 min to give a 0.4 mg mL -1 MWCNT-DCP suspension. The electrode was then coated with a 0.4 mg mL -1 MWCNT-DCP suspension of 5 µL and allowed to evaporate water at room temperature in the air. The DCP-film coated electrode was prepared by the same procedure explained above without MWCNT.
Procedure
Unless otherwise stated, a 0.1 mol L -1 phosphate buffer solution of pH 7.3 was used as the supporting electrolyte for an HX determination. The accumulation step was carried out under an open-circuit while stirring the solution for 2 min, and then linear scan voltammograms from 0.60 to 1.30 V were recorded after a 10 s quiet time. Prior to and after every measurement, the MWCNT-DCP film-coated electrode was activated by five successive cyclic voltammetric scans between 0.60 V to 1.30 V at a scan rate of 100 mV s -1 in a blank supporting electrolyte to give a reproducible electrode surface.
Treatment of fish sample
Fishes were purchased from a local market for real sample analysis. Tissue samples (ca. 3 g) were macerated with 0.5 mol L -1 perchloric acid for about 45 min. After centrifugation at 4000 rpm, the supernatant extract was transferred into a 0.1 mol L -1 phosphate buffer solution of pH 7.3. The detection of HX was carried out by the standard additions method.
Result and Discussion
SEM characterization
A suspension of MWCNT-DCP was cast on a pretreated vitreous carbon disk. The SEM image of the film formed is shown in Fig. 1 . From this figure, it can be found that the vitreous carbon disk surface is completely and homogeneously coated by a MWCNT-DCP film, with diameters of MWCNT bundles spreading with a range of 20 -40 nm. It can also be seen from this image that the MWCNT-DCP film contained a very small portion of amorphous carbon impurities.
Voltammetric behaviors of HX
The voltammetric behavior of HX at the MWCNT-DCP filmcoated electrode was investigated using cyclic voltammetry (CV). The cyclic voltammogram between 0.60 V to 1.30 V of a MWCNT-DCP film-modified electrode in a pure pH 7.3 phosphate buffer (without HX) is shown as curve (a) in Fig. 2 , and no observable peak appears. Upon the addition of 5.0 × 10 -5 mol L -1 HX, a very sensitive oxidation peak at 1.06 V appears at the first anodic from 0.60 V to 1.30 V, and no corresponding reduction peak is observed on the reverse scan, suggesting that the electrode reaction of HX at the MWCNT-DCP film is totally irreversible. The peak current in the second cyclic sweep decreases remarkably compared with that of the first cyclic sweep. After a second cyclic sweep, the peak current decreases slightly. This phenomenon may be caused by the adsorption of HX at the MWCNT-DCP film.
The voltammetric behavior of the MWCNT-DCP film was also investigated by a cyclic potential scan from -0.4 to 0.6 V. A pair of broad reduction/oxidation waves was observed, and the cathodic and anodic peak potentials were around -0.110 and -0.060 V, respectively (Fig. 2, insert) . Meanwhile, a large background current of the MWCNT-DCP film-modified GCE was also observed, which might be due to the catalytically active surface. 16 The effect of the scan rate on the voltammetric responses of the MWNT-DCP film was studied by varying the scan rate from 50 mV s -1 to 1000 mV s -1 . With the scan rates increasing, both the anodic and cathodic peak currents increased linearly and the separations between the reduction and the oxidation peak potentials allowed little change, even with the scan rate up to 1000 mV s -1 , indicating the fast charge-transfer properties of the MWCNT-DCP film. It was also found that both the cathodic and anodic peak potentials shifted linearly to a lower potential with increasing pH, which shows that protons are involved in the redox reaction of the MWNT-DCP film. Similarly to the SWMT film, 17 the pair of surface waves at the MWNT-DCP film might be due to the redox of carboxylic functionalities introduced on the MWNT-DCP film due to a pretreatment of MWNTs purification by using concentrated nitric acid.
The voltammetric behaviors of HX at three different electrodes after accumulation were compared using linear scan voltammetry. The results are illustrated in Fig. 3 . Figure 3a shows the voltammetric response of HX at a bare electrode, and a broad anodic response of HX is observed. Compared with the bare electrode, HX yields a well-defined oxidation peak whose potential is 1.06 V at the MWCNT-DCP film-coated electrode (Fig. 3c) . Figure 3b shows that only a small oxidation peak of HX appears at the DCP film modified electrode. The significant enhancement in the oxidation peak current of HX at the MWCNT-DCP film modified electrode can attributed to an improvement in the reversibility of the electron-transfer processes and the excellent characteristics of MWCNT, such as a high aspect ratio, and a strong adsorptive ability.
The voltammetric behavior of HX was closely related to the scan rate. The relationship between the scan rate and the voltammetric behavior was studied by cyclic voltammetry, as illustrated in Fig. 4 . It is found that the oxidation peak potential shifts positively with increasing scan rate, and that the oxidation peak current of HX is directly linear to the scan rate over the range from 20 to 300 mV s -1 , indicating that the oxidation of HX at the MWCNT-DCP film coated electrode is adsorptioncontrolled. As the scan rate increases, although the oxidation peak current increases linearly, the charge current and the background current are also greatly enhanced, which is not beneficial to the determination of HX. The scan rate of 100 mV s -1 had a better signal-to-noise ratio for the determination of HX.
Effects of the thickness of MWCNT-DCP film on the electrode surface
The MWCNT-DCP cast film thickness is determined by the amount of MWCNT-DCP suspension on the electrode surface. Generally, the oxidation peak current of HX is closely related to the thickness of the MWCNT-DCP film. The relationship between the amount of the MWCNT-DCP suspension and the oxidation peak current of HX was tested. The result is shown in Fig. 5 . The oxidation peak current gradually increases with increasing the amount of the MWNT-DCP suspension over the electrode surface at first, which is due to an increase in the adsorption of HX on the electrode surface. When the amount of the MWCNT-DCP suspension-coated electrode is higher than 5 µL, the peak current almost remains stable. However, when the amount of the MWCNT-DCP dispersion exceeds 15 µL, the peak current conversely decreases. MWCNT is an ideal electrode material with excellent electrical conductivity and high aspect ratio. In principle, the oxidation peak current is almost independent of the thickness of the MWCNT-DCP film. However, DCP is an insulator and blocks electron transfer. Due to an uncompensated resistive effect, or to lowering the chargetransfer rate of the DCP cast film, the peak current decreases when the MWCNT-DCP film is too thick.
Optimization of supporting electrolyte
The voltammetric responses of HX in various medium, such as pH 5.0 -8.0 phosphate buffer, pH 3.0 -9.0 Britton-Robinson buffer, and pH 2.0 -8.0 NaH2PO4-citric acid (MacIlvaine) buffer, (each 0.1 mol L -1 ), were investigated by CV. It was found that the oxidation peak current of HX is highest in a phosphate buffer; otherwise, the background current is very low and the oxidation peak is well-defined. Therefore, a phosphate buffer was used as the supporting electrolyte for determining HX.
The pH effect of the supporting electrolyte on the peak potential (Ep) and the peak current for the oxidation of HX at the MWCNT-DCP film-modified electrode was studied using linear-scan voltammetry. The results showed that the peak current increased with the pH from 4.0 to 7.0, and reached the maximum value over the pH range from 7.0 to 9.0. The results also showed that the peak potential was dependent on the pH, and shifted to less positive potentials with an increase in the pH, also, the calculated [∂Epa/∂pH] are around -58 mV/pH, indicating that the number of electrons and protons involved in the oxidation of HX at the MWCNT-DCP film-modified electrode is the same. 
Influences of the accumulation potential and time
The oxidation peak current of 5.0 × 10 -6 mol L -1 HX was compared after 2 min of accumulation under different potentials. The peak current almost remained unchanged as the accumulation potential shifted from -0.4 V to 0.8 V, suggesting that the accumulation potential has no influence on the oxidation behavior of HX at the MWCNT-DCP film-coated electrodes.
An open-circuit accumulation was therefore performed.
The effects of the accumulation time on the oxidation peak current of 5.0 × 10 -6 mol L -1 HX has been studied. The result showed that the peak current increased greatly within the first 2 min, and then levels off, suggesting that the accumulation of HX was very rapid. This may be caused by the fact that the adsorption of HX on the MWCNT-DCP film modified electrode surface becomes saturated.
Stability of the MWCNT-DCP film modified electrode and calibration graph
Stability tests were carried out at room temperature. The current response decreased only by around 4.7% of its initial response after 72 h of exposing the MWCNT-DCP filmmodified electrode in air, which showed that the MWCNT-DCP film-modified GCE has a good long-time stability for the determination of HX. The relative standard deviation (RSD) of 5.1% for 2.0 × 10 -6 mol L -1 HX (n = 10) exhibited a good precision for the determination of HX. The calibration curve for HX in a pH 7.3 phosphate buffer solution was measured by linear-scan voltammetry. The linear segment increased from 5.0 × 10 -7 to 2.0 × 10 -4 mol L -1 (r = 0.998). When the concentration of HX was higher than 2.0 × 10 -4 mol L -1 , the peak current increased slightly with improving the concentration, and tended to a constant due to the saturation of the MWCNT-DCP modified electrode surface for more highly concentrated analytes. The detection limit (3:1 signal-to-noise ratio) of 2.0 × 10 -7 mol L -1 was obtained with an accumulation time of 2 min.
Interference
The effect of the presence of potential interferents on the HX voltammetric response was checked under the experimental conditions specified above for HX. The results showed that at least 50-fold of xanthine, uric acid, ascorbic acid, purine, urea, glucose, lactic acid, serine, alanine, methionine, ribose, galactose, and oxalic acid did not interfere with the determination of 5.0 × 10 -6 mol L -1 HX (error < 5%), which demonstrated the good selectivity of the MWCNT-DCP modified electrode developed for the detection of HX.
Determination of HX in real samples
The performance of the MWCNT-DCP film-modified electrode for the analysis of real fish samples was tested. The fish-tissue extracts obtained, as described in the experimental details, were directly subjected after appropriate dilution. Table  1 summarized the analytical results and the recovery of the sensor performance.
Conclusion
Utilizing the amphiphilic characteristic of the surfactant, very stable and almost insoluble multi-walled carbon nanotubes (MWCNT) were dispersed into water in the presence of a hydrophobic surfactant, such as DCP. A homogeneous and stable MWCNT-DCP suspension was obtained, and consequently the MWCNT-DCP film-coated electrode was achieved. The MWCNT-DCP film-coated electrode shows a highly effective accumulation to HX compared to a bare electrode, since MWCNT possesses some unique properties, such as high specific surface area, subtle electronic properties and strong adsorptive ability. Therefore, the MWCNT-DCP film-coated electrode significantly increases the oxidation peak current of HX; and based on this, a very simple and sensitive electrochemical method was developed to determine HX. Recovery, %
